Singletons-species only known from a single specimen-and uniques-species that have only been collected once-are very common in biodiversity samples. Recent reviews suggest that in tropical arthropod samples, 30% of all species are represented by only one specimen (Bickel 1999; Novotny and Basset 2000; Coddington et al. 2009) , with additional sampling helping little with eliminating rarity. Usually, such sampling only converts some of the singleton species to doubletons, with new singleton species being discovered in the process (Scharff et al. 2003; Coddington et al. 2009 ).
Here, we first demonstrate that rare species are similarly common in specimen samples used for taxonomic research before we argue that the phenomenon of rarity has been insufficiently considered by the new quantitative techniques for species delimitation.
Addressing this disconnect between theory and reality is pressing given that the last decade has seen a renewed interest in methods for species identification and delimitation (Sites and Marshall 2004; O'Meara 2010) . Much of this interest has been fuelled by the availability of DNA sequences (Meier 2008) . However, many newly proposed techniques implicitly or explicitly assume that all populations and species can be well sampled. But what is the value of these techniques if many species have only been collected once and/or are only known from one specimen? Here, we argue that all existing techniques need to be modified to accommodate the commonness of rarity and that all future techniques should be explicit about how rare species can be discovered and treated.
Rare Species are Common in Taxonomic Treatises
In order to determine whether rarity is also a common phenomenon in specimen samples that are used for species descriptions, we conducted a survey of the taxonomic literature. An initial screen involving the monograph series of the American Museum of Natural History (AMNH) mostly yielded arthropod data, which we then complemented with data from Systematic Botany for plants and Zootaxa for nonarthropod animals. For each taxon, we initially surveyed the most recent 10 papers with species descriptions (Plants, Porifera, Platyhelminthes, Nematoda, and Mollusca), but for some taxa, additional publications had to be evaluated in order to obtain data for at least 20 new species (Coelenterata, Annelida, Tardigrada, Echinodermata, Pisces, Amphibia, Reptilia, and Mammalia). Note that for Bryozoa, Protozoa, Nemertea, and Aves fewer than 20 species are described in Zootaxa.
The invertebrate papers in the AMNH publications (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) : N = 25) covered 695 new species (Coleoptera, Heteroptera, Hymenoptera, Araneae, Scorpiones, and Arhynchobdellida) and revealed that one in six newly described species is only known from one specimen (singleton: 123/695 = 17.7%). One in four species is described from only one locality (uniques: 191/695 = 27.5%). For vertebrates, the proportions of singletons (19%) and uniques (35%) are even higher (N = 89 species), whereas the remaining invertebrate taxa have a lower proportion of singletons (13%), but a very high proportion of uniques (57%; N = 261 species). Only plant species are rarely described based on singletons (8%) or unique specimens (17%; N = 66 species). Overall, the proportion of rare species in taxonomy is thus similar to what has been reported for biodiversity samples where the proportions are usually around 30% (Coddington et al. 2009 ). Given that some systematists prefer not to describe species based on one specimen, it is not surprising that the proportion of rare species in collections is even higher Meier and Dikow 2004) . This means that rarity is not only a prevalent phenomenon in "species discovery" studies but also in research that is based on specimen samples that accumulated over decades and are stored in many natural history museums.
Despite centuries of taxonomic work, systematists have only recently intensified efforts to move taxonomy from a nonquantitative science to a numerical, analytical VOL. 61 one. This interest increased when DNA sequences became available because such data are arguably more amenable to quantification given that many morphological characters are difficult to quantify (e.g., genitalia shape). In order to delimit species, many of the new methods designed for DNA sequences aim to detect a change in the quality of the evolutionary signal that may reflect a shift from intraspecific variation to interspecific isolation. Here, we briefly present the different species delineation approaches and discuss if and how rarity is accommodated.
DNA Barcoding
DNA barcoding was initially presented as a method for species identification (Hebert et al. 2003) , but it now also encompasses species delimitation and/or prediction thus blurring the distinction between DNA barcoding and DNA taxonomy Vogler and Monaghan 2007; Meier 2008) . Either tree-based on cluster-based techniques are used for analyzing the DNA barcode data (Meier 2008) . We would argue that tree-based techniques alone cannot reliably identify singleton species because recognizing a particular branch as representing such a species requires a threshold value for branch lengths and/or pairwise distances that distinguish intra-from interspecific variability (Chang et al. 2008; Gustafsson et al. 2009; Trontelj et al. 2009; Vieites et al. 2009 ). Such a threshold is also needed when DNA barcode data are analyzed using clustering approaches and the species delimitations are then entirely based on distances. One technical problem with clustering is that the pairwise distances for three or more sequences do not have to be equal so that the application of a strict threshold is often impossible . One solution is the use of algorithms that yield clusters where each sequence has at least one other sequence with a distance below the threshold, but where some distances are allowed to exceed this threshold (Meier 2008 ). However, regardless of which clustering technique is used, a rare species can in principle be recognized by threshold-based techniques as long as its sequence is so distinct that it does not group with sequences from other species.
The main problem with distance-based approaches lies elsewhere. There is no theoretical reason to believe that there would be a satisfactory universal threshold given that speciation is not a clockwise process . Not surprisingly, the search for an appropriate threshold has thus yielded many different values and the results have been criticized as arbitrary. For example, Hebert et al. (2003) initially suggested 3%, whereas the Barcode of Life Data Systems use 1% for identification purposes (Ratnasingham and Hebert 2007) . Others have proposed relative thresholds such as 10x the intraspecific variability which, however, presupposes knowledge of intra-versus interspecific boundaries (Hebert et al. 2004) . Therefore, although DNA-barcoding type analyses can accommodate rare species, this advantage comes at the expense of having to use distance thresholds that are hard to justify (Huang et al. 2008; Memon et al. 2006; Meier et al. 2008) .
Population Aggregation and Cladistic Haplotype Analyses
Population aggregation analysis (PAA) was proposed for the delimitation of phylogenetic species (Davis and Nixon 1992) . It starts with identifying individuals belonging to a population. The attributes of these individuals are collected and used to characterize the population. Invariable attributes are classified as "characters" and variable attributes as "traits." Different populations are assigned to the same species if they lack distinguishing characters. The results are species that are "the smallest aggregation of (sexual) populations or (asexual) lineages diagnosable by a unique combination of character states" (Davis and Nixon 1992) . A modification of PAA is the cladistic haplotype analysis (CHA; Brower 1999) that differs from PAA in that it is treebased and explicitly designed for molecular data. It was proposed because the use of "unique combinations of character states" to delimit species has the disadvantage that, for example, a reversal in a species defining DNA sequence character means that the individual does no longer have the "unique combination" and loses species membership. In CHA, the species membership of such specimens is maintained if it can be shown that the new haplotype is derived from one that had the unique combination of character states that characterized the species.
Regardless of whether PAA or CHA is used, it is not clear how a singleton species can be accommodated in the initial step. The distinction between character and trait is important for PAA and CHA, but it requires more than one specimen in order to test for the fixation of an attribute and its classification as a trait or character. Furthermore, even for nonsingleton samples, PAA and CHA require prior knowledge of population limits, which are notoriously difficult to obtain (Laamanen et al. 2003) and require multiple specimens. By definition, such dense taxon samples are unattainable for rare species (Wiens and Servedio 2000) .
Coalescence
Coalescence methods for species delimitations were originally developed to reconstruct recent speciation events and to identify species that have not yet attained reciprocal monophyly. This is accomplished by modeling lineage sorting probabilistically Knowles and Carstens 2007) . Not all methods and algorithms are explicit about how densely species have to be sampled in order for these methods to be successful, but some of the more commonly used software for coalescence analysis including "BEST" (Brumfield et al. 2008) , "COAL," or "Brownie" (reviewed in O'Meara 2010) assume sampling frequencies of ∼5 individuals per species. Otherwise, an inadequate representation of intraspecific variability will lead to incorrect inferences. However, our survey of the biodiversity and taxonomic literature reveals that such sampling is unattainable for ca. 30% of all species, that is, the failure to account for rarity in coalescence analyses is likely to yield incorrect results for a large proportion of the species diversity.
One of the most commonly used species delimitation methods, and one that can be used on single-locus data sets, is the general mixed Yule coalescent (GMYC) analysis, first presented by Pons et al. (2006) and used in many subsequent studies (e.g., Papadopoulou et al. 2008; Bode et al. 2009; Monaghan et al. 2009; Yassin et al. 2009 ). It explicitly delineates intra-from interspecific branching in a repeatable manner by determining the coalescence point that marks the transition between populationand species-level relationships. Singleton species can be accommodated by determining whether they split from their sister branches before the threshold break that denotes a lineage transition (see Papadopoulou et al. 2008 for a specific example). Originally GMYC determined whether a particular clade should be considered a species by determining an age at which speciation occurs; in effect, a line was drawn across a tree with branch lengths fitted under the assumption of a molecular clock. Recent modifications of GMYC Powell et al. 2011 ) allow for multiple thresholds and transition points can vary among different lineages. However, rate substitution models provide divergent results based on the treatment of data and choice of substitution models (Ho et al. 2008; Brandley et al. 2011 ). In addition, Lohse (2009) pointed out that the method is sensitive to undersampling because such sampling affects the estimation of the speciation point. Papadopoulou et al. (2009) replied that practically all systematics methods are unable to deal with the problems of undersampling, but this also means that in reality GMYC is not designed for a biota where ca. 30% of all species are so rare that they are only represented by one or a few specimens from one locality.
Ecological Niche Modeling
A relatively new addition to the techniques used in species delimitation and predicting species ranges is "ecological niche modeling." Different algorithms have been developed for identifying environmental variables that are associated with the known distribution of a species. These variables are then used to define the abiotic conditions within which populations of the species can be maintained. The same data can be used to predict the full species ranges (Raxworthy et al. 2007 ). However, according to our survey of the taxonomic literature, ca. 30% of all species are so rare that these techniques are not applicable given that ecological niche modeling requires large sample sizes in order to yield robust results (Stockwell and Peterson 2002; Wisz et al. 2008; JimenezValverde et al. 2009) . It thus appears that this approach is yet another example for a technique that suffers from disconnect between theoretical assumptions and the commonness of rarity.
The Systematic Challenge of Singletons
The species delimitation literature shows a surprising lack of awareness for the commonness of rarity. We conducted a keyword search ("single individual," "individual specimen," "single specimen," "single voucher," "singleton," "doubleton," "rarity", and "rare species") of significant papers describing new methods for species delimitation and or papers applying these techniques to large data sets. We find that few explicitly discuss rarity. These papers either utilize DNA barcoding (Hajibabaei et al. 2006; Smith et al. 2006 Smith et al. , 2007 Smith et al. , 2008 or GMYC analyses (Pons et al. 2006; Monaghan et al. 2009 ), whereas rarity is not discussed in character-based species delimitation methods (see Davis and Nixon 1992; Wiens and Penkrot 2002) and papers discussing coalescence methods . DNA barcoding can accommodate singletons, but only by using hard-to-defend distance thresholds; GMYC models can accommodate singletons but yield skewed results when too many are included. These models are also making problematic assumptions about a "speciation time window" that is applied across a tree. Other techniques assume knowledge about population boundaries (PAA and CHA) and/or sampling completeness that appear unrealistic (PAA, coalescence). But techniques that are directly or indirectly built on the premise of having appropriately sampled intraspecific variability can only be a start; they need to be complemented with explicit techniques for identifying rare species for which such estimates cannot be obtained.
Rarity in Taxonomy: Past and Future
Rarity is not a new phenomenon and many singleton species are described as can be seen from our literature survey. Understanding why these species are being described based on few specimens may help with developing formalized quantitative species delimitation methods that can accommodate rarity. It appears that taxonomists describe a singleton species if it has a particularly distinct suite of morphological characters that renders it highly unlikely that it belongs to an already described species; that is, an implicit probability argument is used to justify the description. Ultimately, the argument is often based on the known intraspecific variability of closely related well-sampled species. If a species falls outside of this "normal" range, many taxonomists describe the species even if it is only known from one specimen. This approach has been explicitly rejected by some authors (e.g., Dayrat 2005) , who argue that species should never be described based on one specimen because the intraspecific variability cannot be properly assessed. However, given the commonness of rarity, a strict adherence to this rule would prevent VOL. 61 the description of a very significant proportion of the species-level diversity.
Similar arguments for the recognition of new species based on one DNA sequence are sometimes also found in studies that use trees and/or coalescence methods for species delimitation. Here, putatively rare species are sometimes identified based on particularly discrete branches using ad hoc techniques, but most authors are only willing to assign species status if there is additional information supporting this decision (Gustafsson et al. 2009; Trontelj et al. 2009; Vieites et al. 2009; Tan et al. 2010) . One can argue that this approach is justified because in studies using coalescence much of the evidence for species limits comes from coalescence points, which are by definition lacking for rare species and thus need to be replaced by other data. However, it appears to us that what is needed are more formalized approaches to recognizing singleton species based on other evidence and/or the known intraspecific variability of well-sampled species (Memon et al. 2006; Petersen et al. 2007 ). Fortunately, there are several approaches in statistics for recognizing "outliers" (Millar and Hamilton 1999; Fraley and Raftery 2002) or comparing a single measurement with the mean and variance of a population. It appears to us that future species delimitation techniques should apply these approaches to species recognition. Likely candidates are iterative techniques where singleton species are identified and removed prior to finding coalescence points for wellsampled species (Pagel et al. 2004) .
Ecologists have long been aware and fascinated by the phenomenon of rarity in biodiversity samples (Magurran and Henderson 2003; Scharff et al. 2003; Cunningham and Lindenmayer 2005; Mao and Colwell 2005; Chao et al. 2009 ). This interest is not surprising given that rare species are particularly important from the points of view of conservation, ecology, and evolutionary biology. Such species are frequently also the focus for policy makers (Prendergast et al. 1993; Soltis and Gitzendanner 1999) . Here, we argue that systematists should similarly embrace rare species and stop treating them as an anomaly. Instead, systematists should assume that a significant proportion of all species is rare. This applies to invertebrates and vertebrates alike while the proportion of species described based on singletons is smaller in plants. Future methods for delimiting species thus need to accommodate rarity, and we recommend that taxonomists treat singletons using ad hoc methods until these new techniques become available.
FUNDING
The research was supported by a grant from the Ministry of Education (R377-000-040-112).
